The purpose of this study is to assess the structural performance of hollow bridge columns with triangular confining reinforcement. The proposed triangular reinforcement details were equal to the conventional reinforcement details in terms of required structural performance.
Hollow reinforced concrete columns were used with two layers of confinement reinforcement placed near the inside and outside faces, as well as cross-ties placed through the wall thickness. In the previous studies performed by the authors (Kim et al. 2013 (Kim et al. , 2014 , a new configuration of confining reinforcement was proposed to solve the problem of construction complexity of conventional hollow column cross-sections.
The proposed triangular reinforcement details were expected to help the column to exhibit sufficient ductility and design strength. The triangular confining reinforcement also plays a role in preventing longitudinal reinforcement buckling.
The main aim of this study is to expand the application of the triangular confinement modules to hollow bridge columns with a hollow ratio (inner / outer diameter ratio) to 0.8. Additionally, current study extends the application of precast concrete bridge columns along with the triangular confinement modules.
Precast segmental bridge columns provide the benefits of increasing construction speed and quality, reducing environmental pollution, and decreasing life cycle costs. D r a f t 4 the behavior of hollow precast segmental prestressed concrete bridge columns under cyclic loading.
In this paper, hollow cast-in-situ concrete and precast concrete bridge columns are tested under a constant axial load and a quasi-static, cyclically reversed horizontal load.
Many parameters can influence the overall hollow cross-section response, such as the reinforcement details, the shape of the cross-section, the spacing of the transverse reinforcement, and the material strength of the concrete and reinforcement.
An assessment method for the performance of hollow bridge columns with triangular confining reinforcement is proposed.
The proposed method uses the computer program, RCAHEST, developed by the authors (Kim et al. 2007 (Kim et al. , 2008 (Kim et al. , 2010 (Kim et al. , 2012b (Kim et al. , 2013 (Kim et al. , 2014 (Kim et al. , 2017 (Kim et al. , 2018 . A joint element is modified in order to predict the inelastic behaviors of segmental joints for hollow precast bridge columns.
Triangular confining reinforcement for hollow bridge columns
Hollow bridge columns have become popular in bridge construction during the last few decades. Hollow cross-sections are often used for tall bridge columns to reduce their mass, seismic inertia forces, and foundation forces (Kim et al. 2012b) . Figure 1 shows the developed hollow bridge column cross-sections with triangular confining reinforcement details.
In conventional practice, a number of layers of longitudinal and transverse steel are placed near both the outside and inside faces of the hollow circular cross-section of bridge columns, and are tied through the wall thickness with cross-ties. Normally, a 135-degree bend or full hook should be specified for at D r a f t 5 least one end of the cross-tie. These hollow column cross-sections have increased construction complexity, and hence increased labor costs (see Fig. 1(a) ).
In the previous studies performed by the authors (Kim et al. 2013 (Kim et al. , 2014 , the developed reinforcement details for material quantity reduction consist of a stable triangular structure that combines outside transverse reinforcement and triangular crossties. The transverse steel placed near the inside face and the cross-ties may not significantly contribute to the confinement of the concrete wall in the hollow crosssection (Zahn et al. 1990; Hoshikuma and Priestley 2000) .
The details involve applying a sparsely spaced inner reinforcement in circular hollow cross-sections, in order to control non-structural cracks (the serviceability limit state) (see Fig. 1(b) ).
This paper presents a new design concept of hollow cast-in-situ concrete and precast concrete bridge columns with triangular confining reinforcement. These innovative reinforcement details offer economic feasibility and rationality, and facilitate shorter construction periods (see Fig. 1(c) 
Experimental investigation

Test specimens and procedure
An experimental investigation was conducted to evaluate the performance of hollow bridge columns with triangular confining reinforcement.
Three cast-in-situ and three precast hollow column specimens were tested under cyclic lateral loads while being simultaneously subjected to constant axial loads. It is considered appropriate to use the current code provisions (AASHTO 2014; MCT 2015) on the concrete confinement for the plastic hinge regions in the design of hollow bridge columns for use in moderate to low seismic regions by the following equation: Table 1 lists the materials properties used in cast-in-situ and precast column specimens, and Figures 2 and 3 show the geometric details. The cast-in-situ circular column has a 1400 mm outer diameter and 1050 mm inner diameter. The precast rectangular column has a 1000×1000 mm cross-section with 500×500 mm hole in the center.
The first character of the specimen ID refers to the shape of the cross-section (Circular or Rectangular), the second character refers to the configuration type (Conventional or Triangular) and the third character represents the spacing of the confining steel (80 mm or 120 mm). In addition, the character N indicates that minimum inner lateral reinforcement was used.
A schematic representation of the test set-up for column specimens is shown in Fig. 4 .
The load was applied at the column top by a servo-controlled 3500 kN capacity hydraulic actuator with a  600 mm stroke reaching off the laboratory strong wall.
The same procedures were used for each test. The column specimens were tested under a and constant compressive axial load to simulate the 0.1 ′ 0.07 ′ gravity load from bridge superstructures (see Table 1 ). The displacement was represented by using drift ratio. The specimens were subjected to two cycles at each 
Results of experiments
The drift responses for the column specimens are shown in Figs It was observed from the test, the similarity in the shape of the hysteresis curves of specimens. The physical phenomena that similarly occurred during all tests include:
cracking, yielding, spalling of cover concrete, buckling, and fracture of rebars.
Flexural cracks perpendicular to the column axis developed first in regions close to the bottom end of the three cast-in-situ columns (drift 0.50%). The flexural cracks became inclined and extended due to the influence of shear, typically at a stage exceeding the first yield of longitudinal reinforcing bars (drift 1.50%). Plastic hinges were fully formed at the bottom end of the columns, which contributed to the development of ductility (drift 3.00%).
Minor concrete cracking was found on the surface of the column during the test of the D r a f t 9 three precast columns. The joint opening between the foundation and the first column segment increased as the applied lateral displacement increased. Almost the entire joint opening was concentrated at the joint between the foundation and the first column segment. Other joints had not obviously opened by the end of the test.
The concrete cover at the base of the cast-in-situ and precast column specimens had spalled off and hence the transverse reinforcement is clearly seen. Note that the core concrete inside stirrups remained effective in carrying the compressive load.
Subsequent displacement steps in the negative direction beyond this point were accompanied by a significant decrease in lateral load.
Figures 6 and 7 also show a good seismic performance of the proposed hollow castin-situ concrete and precast concrete bridge column with respect to reference specimens:
CC-80 and RC-80. This is because more effective confinement is provided by links having triangular reinforcement details than that provided by 90-degree hooks. The opening of the 90-degree-hooks in the cross-ties, longitudinal bar buckling, core crushing, fracturing of hoops or cross-ties occurred at large strain values. The triangular confining reinforcement was evaluated to ensure that longitudinal reinforcement buckling failure would not occur. Internal damage was also monitored as shown in Figs. 6 and 7, further widespread damage in the conventional specimen series rather than in the proposed specimen series.
All six hollow cast-in-situ concrete and precast concrete bridge column specimens exhibited ductile behavior under cyclic loading. The ductility ratios ranged from 4.9 to 6.6 (see Table 2 ). The displacement ductility is defined as the ratio between the limit point and the yielding point. The yielding point was defined as the displacement corresponding to the intersection of the horizontal line passing through on 0.75 D r a f t the load-displacement envelope curve and the straight line passing through 0.75 from the origin, and the limit point was defined as the displacement corresponding to after the maximum load (Park 1998).
0.85
The hysteretic energy dissipation of the column specimens was evaluated based on the cumulative dissipated energy (see Figure 8 ).
The dissipated energy was determined by integrating the areas bound by all the hysteretic loops and it was found that the hysteretic energy dissipation increased as column drift increased. The proposed triangular reinforcement detail exhibited hysteretic behavior with satisfactory hysteretic energy dissipation, as shown in Figure 8 . For specimens CC-80 and CT-80, the cumulative dissipation energy was 2104182 kN-mm (drift 5.0%) and 2708244 kNmm (drift 5.5%), respectively. Figure 9 shows the typical measured steel strains in the transverse reinforcement for hollow cast-in-situ concrete specimens with innovative details. It was found that the transverse reinforcement was subjected to low demand, with strains typically not reaching above 2,000 microstrain. This indicates that the triangular confining reinforcement was adequate to prevent fracture of the transverse reinforcement.
As shown in the figures, the effect of negative confinement (cracking of the inner concrete cover) is diminished, because the confining action of the inner transverse reinforcement is transferred by the links' tensile actions towards the outer transverse reinforcement, providing improved confinement of the concrete region in-between. It was also observed that the presence of inner transverse reinforcement does not significantly contribute to the strength and ductility of the confined section. The inner concrete cover tended to crack and spall off at higher levels of axial strain, leading to the observed reduced ductility. This adverse effect has been referred to as 'negative 
Analytical investigation 4.1 Description of numerical simulation
A two-dimensional finite element model for the hollow cast-in-situ concrete and precast concrete bridge columns with triangular confining reinforcement was developed in this study.
The model was created and analyzed using the general-purpose finite element software, FEAP (Taylor, 2000) .
The proposed structural element library for RCAHEST (Kim et al. 2007 (Kim et al. , 2008 (Kim et al. , 2010 (Kim et al. , 2012b (Kim et al. , 2013 (Kim et al. , 2014 (Kim et al. , 2017 (Kim et al. , 2018 2008, 2010, 2012b) . This is similar to the formula suggested by Mander et al.
(1988) for the triaxial stress condition, but the reduced confinement effectiveness coefficient corresponding to the ratio of the inside-to-outside diameters of the bridge column cross-section is applied.
Figures 10 and 11 show the finite element discretization and the boundary conditions for hollow cast-in-situ concrete and precast concrete bridge columns specimens, respectively.
The 8-node isoparametric elements were used and in the cross-section where the load is applied, a total of two 8-node elastic elements were used to prevent local concrete failure. The 6-node interface elements between the footing and column were applied to model the effects of localized discontinuous deformation. Accordingly, with the stiffness changing rapidly in the column and footing, local discontinuous deformation occurs that is part of the anchorage slip, shear slip at the joint plane, and penetration at the joint plane.
The joints between the precast segments were also modeled using modified six-node joint elements. In the joint model, the inelastic behavior of the joint elements is governed by normal and tangential stiffness coefficients. In the simulation, the modified joint elements representing these segmental joints had also cracked and opened. Experimental evidence indicates that the failure of this material can be described by a Coulomb type relationship. The angle of internal friction and cohesion are respectively 45°and 5.88 MPa.
Figures 10(a) and 11(a) also show a method for transforming a hollow cross-section into rectangular strips when using plane stress elements. For rectangular crosssections, equivalent strips are calculated. After the internal forces are calculated, the D r a f t 14 equilibrium is checked.
In this transformation of a hollow cross-section to a rectangular cross-section, a cross-section with minimum error was selected through iterative calculations concerning the moment of inertia for the cross-section and area of concrete and reinforcements, to ensure that the behavior was similar to the actual behavior of bridge columns with hollow cross-sections (Kim et al. 2018 ).
For the physical properties of reinforcements and concrete, the same values as those used in the experiment were applied, as shown in Table 1 .
Comparison with experimental results
The lateral load-displacement responses for column specimens are shown in Figs. 12 and 13. The analytical results show reasonable correspondence with the experimental results; comparative data is summarized in Table 2 . In predicting the results for the specimens, the mean ratio of experimental to analytical maximum strength was 0.96, with a Coefficient of Variation (COV) of 3%. Also, the mean ratio of experimental to analytical ductility capacity was 0.91, with a COV of 6%.
The predicted ultimate strength was slightly larger than the actual strength of the hollow bridge columns with triangular confining reinforcement. Also, the predicted displacement ductility was slightly overestimated compared to the actual column displacement ductility.
The experimental hysteretic curves also shown in Figs. 12-13 exhibit asymmetry. It was found that the main reasons were slip between base plate and column foundation, initial axial load eccentricity. However, the analytical hysteretic curves exhibit symmetry. Figure 14 compares the strain at each Gaussian integration point in the lower part of the column at failure, obtained from a nonlinear finite element analysis of the specimens.
In Figure 14 , the horizontal axis represents the outside and inside diameter of each specimen while the vertical axis represents the strain in the lower part of the column at each Gaussian integration point. The neutral axis locations predicted by the analytical results are also shown. As shown in Figure 14 , the neutral axes of the hollow circular column specimens with proposed reinforcement details (CT-80 and CNT-80) are located towards the centroid of the section. Also, the neutral axis of the hollow circular column specimen with conventional reinforcement details (CC-80) is located towards the centroid of the section. However, the neutral axes of the hollow rectangular column specimens (RC-80, RT-80, and RT-120) were located in the wall at failure.
Assessment of seismic performance
An analytical evaluation was developed to assess the damage states and performance levels of solid reinforced concrete bridge columns (Kim et al. 2007 ). Explicit descriptions of the different performance levels are defined to employ specific engineering criteria (ATC 1996; FEMA 1997) . This can be accomplished through engineering limit states that can be expressed by limiting the values of quantities such as damage indices (see Table 3 ). These damage indices were derived from a parametric study using finite element analysis (Kim et al. 2007 ). The state of damage in structures is often quantified by damage indices that are usually scaled to be zero in D r a f t 16 the case of an undamaged structure, and unity in the case of collapse. Table 4 provides an example of such descriptions that might be associated with the three performance levels. For the "fully operational" performance level, the column is designed to remain almost undamaged, and repair is not required. For the "delayed operational" performance level, the column is expected to sustain some damage that impairs its full use and that might require repair. Finally, for the "stability" performance level, the column can be expected to resist severe damage requiring partial or complete replacement of the column (Kim et al. 2007 (Kim et al. , 2018 .
The proposed assessment procedure predicts the damage state and performance level for hollow cast-in-situ concrete and precast concrete bridge column specimens as shown in Fig. 15 , and describes the damage close to that observed in the test, as shown in Table 5 . As shown in Fig. 15 , vertical gray lines indicate drift ratios corresponding to three performance levels: fully operational, delayed operational and stability.
It can be also seen from Fig. 15 that the T specimen series provided the expected performance prior to the C specimen series. As a result, the proposed triangular reinforcement details were determined prior to the conventional reinforcement details in terms of required structural performance. It is expected that, by using the proposed assessment procedure, the seismic performance of hollow cast-in-situ concrete and precast concrete bridge columns with triangular confining reinforcement can be predicted accurately, enabling more rational and reliable design of hollow bridge columns.
Conclusions
This paper presents a new design concept of hollow cast-in-situ concrete and precast concrete bridge columns with triangular confining reinforcement. An experimental and analytical study was conducted to investigate the structural performance of hollow bridge column specimens. From the results of the studies, the following conclusions were reached.
 An experimental and analytical study was conducted to quantify performance measures and examine one aspect of detailing for a set of developed triangular confining reinforcement. It was concluded that the design concepts and Tables   Table 1. Properties of cast-in-situ and precast column specimens. Table 2 . Experiment and analysis results for cast-in-situ and precast column specimens. -700-600-500-400-300-200-100 0 100 200 300 400 500 600 700
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